The purpose of this study was to compare the performance of a molecular detection technique (nested PCR) with that of mycobacterial culture in the detection of Mycobacterium bovis DNA in a set of 687 samples of experimentally inoculated environmental substrates (hay, soil, corn, water) exposed to natural weather conditions in Michigan. Four replicates of each substrate were used; half were autoclaved for sterilization, all were inoculated with 50,000 CFU of M. bovis isolated from Michigan livestock, and all were placed in outdoor enclosures, with half under shade and the other half exposed to direct sunlight. Samples were tested for the presence of M. bovis during one 12-month period, with monthly sample testing and during three 12-week periods (winter, spring, summer) with weekly sample testing. Samples were subjected to mycobacterial culture for isolation of M. bovis and a nested PCR with two primer sets targeting IS6110 to detect M. bovis DNA. In 128 samples tested during the 12-month period, M. bovis was not detectable by culture after 2 months but M. bovis DNA was detectable by PCR for at least 7 months. Of the 559 samples tested during the 12-week periods, PCR detected M. bovis DNA for up to 88 days in all of the sample types. There were no significant differences in the detection of M. bovis between shade and sun samples or between sterile and unsterilized samples, regardless of the detection method (PCR or culture). For use in epidemiologic investigations, the PCR assay was more rapid than mycobacterial culture, was not hindered by contaminating organisms, and detected M. bovis DNA in environment samples much longer after initial contamination than mycobacterial culture did.
B
ovine tuberculosis (TB), caused by Mycobacterium bovis, has the largest host range among pathogenic mycobacteria and is capable of infecting both domestic and wild mammals, as well as humans (1) . Bovine TB is transmitted to humans orally through the ingestion of raw milk, as well as nasally through inhalation of infectious droplet nuclei (2, 3) . The oral route of infection in humans has become of less concern with the growing practice of milk pasteurization in developed countries. However, airborne infection is still of major concern among slaughterhouse and other meat industry workers in countries where M. bovis remains prevalent in cattle herds (3, 4) . Bovine TB results in severe economic losses in the livestock industry in many countries worldwide because of decreased production and increased mortality rates in cattle herds, as well as condemnation of infected carcasses. The disease also puts restrictions on the international trade of animals and animal products (5) .
M. bovis has been of concern in Michigan since the late 1990s, when a case of bovine TB in cattle was confirmed in the northeast lower peninsula of Michigan (6) . This was the first case of bovine TB in the state since Michigan was declared TB free in 1979 (7) . It is suspected that for a majority of the cattle farms identified as bovine TB positive in this region of Michigan, M. bovis infection was caused by a spillover from white-tailed deer (Odocoileus virginianus) to cattle. Bovine TB likely became endemic in deer when there were large numbers of M. bovis-infected cattle in the state during the late 1950s (7) . Eradication efforts since the late 1990s have led to a decrease in the prevalence of the disease among white-tailed deer in Michigan; however, disease prevalence has not shown a significant downward trend since 2002 (8) .
It is thought that indirect transmission of M. bovis through contaminated substrates plays a role in the ongoing transmission of M. bovis between wildlife and cattle in Michigan (9) (10) (11) (12) (13) . In a previous study, environmental samples collected from TB-positive Michigan farms failed to detect M. bovis by bacterial culture (14) . Numerous attempts to isolate M. bovis from presumed naturally contaminated environmental samples by bacterial culture also have failed (15) (16) (17) (18) (19) . Rarely has bacterial culture been successful, leading investigators to conclude that there was minimal persistence of M. bovis in the environment (20) . Further, studies conducted in New Zealand concluded that environmental contamination does not play a major role in the epidemiology of bovine TB in cattle and wildlife (21) .
Some studies have focused on the persistence of M. bovis in the environment by using experimental study designs. In an early study that tested the persistence of M. bovis in feces shed by an infected cow (22) , survival of M. bovis was detected for up to 4 months when contaminated feces were spread on a pasture. Furthermore, recovery of M. bovis from naturally contaminated feces was possible after 12 months of storage under cool, dark conditions, and under similar storage conditions, M. bovis was recovered after 2 years from experimentally inoculated feces. In a more recent study, environmental substrates were experimentally inoculated with M. bovis and exposed to natural weather conditions in Michigan (23) . In that study, culturable M. bovis persisted for up to 88 days in soil, 58 days in water and on hay, and 43 days on corn. Other studies have shown that M. bovis can persist in the environment for periods ranging from 4 weeks to 6 months (24) (25) (26) (27) . M. bovis survival times appear to be shortened by exposure to seasonal environmental factors, including higher ambient temperatures, increased intensity of solar radiation, and higher loss of moisture through evapotranspiration (23, 24) .
The utility of PCR for the detection of pathogens in environmental samples under field conditions has been demonstrated in other studies. Using molecular detection techniques, M. bovis DNA was detected in soil from a farm environment up to 12 months after possible contamination (28) . In that study, there was a significant increase in the number of positive samples obtained by PCR over those obtained by culture. However, a direct comparison of molecular and culture methods for the detection of M. bovis over time in experimentally inoculated environmental substrates common to farms has not been done. The purpose of the present study was to compare the results of molecular techniques (detection of the presence of M. bovis DNA) with those previously obtained through bacterial culture. The present study used a molecular detection technique to test a set of experimentally inoculated environmental substrates exposed to natural and vastly varying weather conditions in Michigan that have been previously tested for M. bovis by bacterial culture (23) . We hypothesized that the molecular technique would improve the detection of M. bovis DNA in soil, hay, water, and similar substrates found on a farm, enabling a more accurate characterization of the distribution of M. bovis in farm environments.
MATERIALS AND METHODS
Samples used for molecular testing. This study used 687 inoculated samples of hay, soil, corn, and water for M. bovis detection by PCR. The samples were from a previous study of the viability of M. bovis in environmental substrates under natural weather conditions in Michigan approximately 2 years prior to the extraction of DNA for the present study, and all of the samples used had been stored at Ϫ80°C (23). Experimental samples were set up in sets of 16; four samples each of grass hay, soil, water, and shelled corn were placed in heatproof glass jars (Ball 0.5-pint [236-ml] regular jars). Half of the samples were autoclaved for sterilization. Each substrate sample was inoculated with 50,000 CFU of a strain of M. bovis isolated from a cow in Michigan (23) . The inoculated substrates were transported to an outdoor experimental enclosure constructed of wire mesh fine enough to exclude all birds and small mammals, and the sample containers were placed in plastic containers on two stainless steel tables. Each sample container was opened to allow air circulation and exposure to environmental humidity, and the plastic containers were secured with wire mesh covers. Half of the samples were placed in shade under black shade cloth, and the other half were exposed to direct sunlight.
Four different sampling periods were used in this study. The first sampling period spanned the 12 months of November 2004 through October 2005. During this sampling period, samples of each environmental substrate were processed monthly for isolation of M. bovis. The remaining three sampling periods covered up to 12 weeks each and were from 8 November to 5 January (fall-winter), from 4 February to 3 May (winterspring), and from 20 May to 2 August (spring-summer). During these sampling periods, samples were processed at the time of inoculation and then at 11 additional time points during the sampling period.
Sample processing. After samples were collected from the experimental enclosure, they were processed in their original containers by using a standardized protocol for the processing of environmental samples for mycobacterial culture (29) . Samples were pulverized and homogenized for 30 s in a household blender at the high setting. Samples were placed upright and allowed to settle for 30 min. The top 5 ml of fluid was removed from each sample and transferred to a 50-ml conical tube containing 10 ml of decontamination solution (20ϫ Tris-citrate buffer, C 18 -carboxypropylbetaine stock, N-acetyl-L-cysteine, and water). Samples were vortexed and incubated at 37°C for 75 min. Sterile water was added to the 50-ml mark on each tube, mixed, and centrifuged at 3,000 ϫ g for 20 min. Pellet-containing tubes were completely decanted. A pipette was used to remove all but 1 to 3 ml of liquid from samples without a visible pellet. The pellet was suspended in the supernatant backwash, 1.0 ml of sterile water was added and mixed, and a 0.5-ml sample was transferred to a 2.0-ml labeled cryogenic vial and frozen at Ϫ80°C for later extraction of DNA for use in a PCR assay. The remainder of each sample, an approximately 3-ml pellet, was further processed for bacterial culture (23) . All samples were held at Ϫ80°C for a 2-year period.
DNA extraction. Samples frozen at Ϫ80°C were thawed at room temperature for DNA extraction. To extract bacterial DNA, a 150-l aliquot was removed from each thawed sample and transferred to a 1-ml microcentrifuge tube. The tube was then sonicated at high power for 15 min (Symphony Ultrasonic Cleaner; VWR International, Radnor, PA), boiled for 10 min, flash frozen in an ethanol-dry ice bath, boiled for another 5 min, and then centrifuged for 10 min at 10,000 ϫ g. The supernatant was removed from each tube and stored frozen at Ϫ20°C until used in PCR assays.
PCR procedure. Preliminary experiments were done with six published sets of PCR primers targeting mycobacterial genes encoding Hsp65, mpb64, and mpb70, as well as insertion sequences IS6110 and IS1081 (28, 30) . The preliminary experiments indicated that the two primer sets targeting the IS6110 insertion sequence performed better in detecting M. bovis DNA in known positive samples than did the primer sets targeting the genes for Hsp65, mpb64, and mpb70 or the IS1081 insertion sequence. That finding was in agreement with a previous report in which PCR primers were evaluated for the detection of mycobacterial DNA in soil (28) . After evaluating the previously published PCR procedures, we attempted to increase the assay's sensitivity. We created a nested PCR procedure that used a mixture of the two PCR primer sets targeting IS6110. In our experiments, this nested PCR assay allowed improved detection of M. bovis DNA in processed environmental samples.
Nested PCR amplification was done with an initial 25-l reaction mixture containing 12.5 l Promega GoTaq Green 2ϫ Master Mix (Promega, Fitchburg, WI), 7.1 l water, and 5 l DNA with 0.2 l each of forward outer primer CGTGAGGGCATCGAGGTGGC and reverse outer primer CCTGCGAGCGTAGGCGTCGG. This primer set targeted the IS6110 insertion sequence found in the M. bovis genome and produced an amplification product of 252 bp. The initial denaturation and enzyme activation step of 94°C for 4 min was followed by 20 cycles of 94°C for 30 s, 67°C for 30 s, and 72°C for 30 s and a final extension step of 72°C for 5 min. The second PCR used a 1.0-l aliquot from the completed first PCR added to a reaction mixture containing 12.5 l Promega GoTaq Green 2ϫ Master Mix and 10.7 l water with 0.4 l each of inner forward primer CTCGTCCAGCGCCGCTTCGG and inner reverse primer GCGTAGGC GTCGGTGACAAA and produced a product of 116 bp. The reaction conditions for the second PCR were 94°C for 4 min; 40 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s; and a final extension step of 72°C for 5 min. Gel electrophoresis of the product of the second PCR was done with a 1.5% agarose gel and ethidium bromide for detection of DNA. The PCR amplicons were verified as being from the M. tuberculosis complex by nucleic acid sequencing, followed by in silico analysis with the Basic Local Alignment Search Tool available from the National Center for Biotechnology Information. Standard precautions were taken to avoid false-positive results due to laboratory contamination (31) , and all PCR processing was conducted with both positive (DNA from frozen isolates of M. bovis used to inoculate samples)-and negative-control samples. The positivecontrol DNA, used to verify that the PCR conditions and reagents used were capable of detecting M. bovis DNA, was from our previous study (23) and was stored at Ϫ80°C for 2 years. A no-template negative control was used for each 8 to 10 samples. The first-round negative-control reaction tube was opened, and an aliquot of the first-round reaction product was inoculated into the second-round reaction tube.
Data analysis. Results of bacterial culture (23) were compared with the results of PCR assays done in the present study by season and substrate type with Fisher's exact test by using SAS 9.1 (SAS Institute, Inc., Cary, NC). Differences were considered significant if Fisher's exact test calculates a P value of Յ0.05. To compare the performance of culture with that of PCR over time, Kaplan-Meier curves were generated with SAS 9.1 to illustrate the probability of detection of M. bovis DNA by PCR and the probability of detection of M. bovis by culture over time.
RESULTS
A total of 128 samples from the first (12-month) sampling period were analyzed for detection of M. bovis DNA. Because of a laboratory storage problem, the samples collected in the third month were not available for testing by PCR. A comparison of all of the other months showed that M. bovis was cultured from 12.5%, 17.5%, 10%, and 17.5% of the corn, hay, soil, and water samples, respectively. PCR detected M. bovis DNA in 10%, 52.5%, 25%, and 42.5% of the hay, soil, and water samples, respectively. Within the first 12-month sampling period, M. bovis was not detectable by culture in any sample after 2 months (Fig. 1) . However, M. bovis DNA was detectable by PCR for up to 8 months in soil samples, 9 months in corn samples, 10 months in hay samples, and 11 months in water samples (Fig. 2) . The detection of M. bovis DNA by PCR in water and corn samples decreased steadily over time, whereas the detection of M. bovis DNA in soil and hay samples remained high up to months 7 and 8, respectively, and rapidly declined within 2 months. There were no significant differences in the detection of M. bovis between shade and sun samples or be- tween sterile and nonsterile samples, regardless of the detection method used (PCR or culture) or the sampling date. A total of 176 samples from the fall-winter sampling period, 191 samples from the winter-spring sampling period, and 192 samples from the spring-summer sampling period were analyzed for the presence of M. bovis DNA. The fall-winter sampling period was, on average, the coldest of the three sampling periods, and the spring-summer sampling period was the warmest.
Among all of the samples from the fall-winter, winter-spring, and spring-summer sampling periods, M. bovis DNA was detected in 35% of the water samples by PCR and in 37.9% of the water samples by bacterial culture and in 56.4% of the hay samples by PCR and 45% of the hay samples by bacterial culture (Table 1) . Differences between PCR and culture results for soil and corn samples were statistically significant, but those for water and hay samples were not statistically significant. M. bovis DNA was detected by PCR at up to 88 days in all of the sample types within the winter-spring sampling period, but M. bovis was detected by bacterial culture at up to 88 days only in soil samples (Fig. 3) . The detection of M. bovis DNA by PCR steadily decreased over time for all of the substrates (Fig. 4) . As seen in the 12-month sample period, there were no significant differences in the detection of M. bovis between shade and sun samples. During culturing, 13% of the fall-winter and 50% of the spring-summer samples were contaminated with mold and other nonmycobacterial species, and soil samples tended to have the highest rate of contamination. Sterilized samples had significantly lower levels of contamination than unsterilized samples (Cochran-Mantel-Haenszel 2 test P Ͻ 0.05 for all three seasons) (23) . While M. bovis was cultured more frequently in soil samples that were sterilized prior to inoculation than in soil samples that were not sterilized, there were no significant differences in the detection of M. bovis between sterilized and unsterilized samples.
DISCUSSION
This study was designed to compare a molecular detection technique (PCR) for the temporal detection of M. bovis DNA in conjunction with bacterial culture for the detection of viable M. bovis in experimentally inoculated samples. Detection of M. bovis DNA does not indicate that viable cells are present but does indicate presence of M. bovis in the immediate environment. The nested PCR assay used produced an initial reaction product of 252 bp and a final amplicon of 116 bp. As DNA degrades over time, targeting of a smaller amplicon may be beneficial when searching for the presence of M. bovis in environmental samples that may have been contaminated weeks to months previously. In this study, PCR was able to detect the presence of M. bovis DNA over a longer period of time than bacterial culture, independently of the substrate type. While detection of DNA through PCR did not guarantee the presence of viable bacteria, one study found that detectable M. bovis BCG DNA did not persist past 10 days after cell death (28) ; this indicates that PCR detected live M. bovis at least 7 months after inoculation in the present study. Determination of the viability of the organism at these later dates was beyond the scope of this study, but the potential for resuscitation of dormant M. bovis makes the detection of live bacteria important in controlling the exposure of cattle to environmental sources of M. bovis.
The bacterial load used to inoculate each substrate (50,000 CFU) was larger than the minimum infective oral doses of M. bovis for cattle (5,000 CFU) and white-tailed deer (300 CFU) (32, 33) , but this amount of inoculum is thought to emulate the amount of M. bovis that could be shed by an infected animal (23) . Although M. bovis DNA was detected in more water, soil, and corn samples during the three weekly sampling periods and from corn during the monthly sampling period, it should be noted that the quantity of sample material available for culture (3 ml) was Ͼ10 times the quantity used in the PCR assay (0.15 ml), and this difference likely increased the recovery of M. bovis through culture. However, PCR was able to detect M. bovis DNA in these smaller sample preparations far longer than culture, which further emphasizes the ability of PCR to detect even low levels of M. bovis DNA in environmental samples.
M. bovis survival times have been shown to vary depending on environmental factors such as temperature. In a previous study (23) , samples that were stored in direct sunlight had lower rates of M. bovis detection by culture than samples that were shaded. During the spring-summer period, which was the warmest and driest of the three sampling periods, the lowest rates of detection of M. bovis-positive samples were obtained by both PCR and culture. As has been shown in previous studies, an increase in temperature and a loss of moisture are associated with a decrease in the persistence of M. bovis in the environment (21, 23, 34) .
One attribute of PCR is that it does not depend on the growth of the organism for detection and is not hindered by contaminating organisms that may outcompete M. bovis during the culture process. Contamination was seen in both sterilized and unsterilized samples, despite decontamination steps prior to mycobacterial culture. The decontamination method used in this study was selected on the basis of experimental studies of decontamination steps for environmental samples, which found that rates of contamination with CB-18 were significantly lower than those obtained with NaOH-based decontamination methods, regardless of substrate sterilization or inoculum size (29) . The most likely sources of contaminants were airborne fomites, since the sample containers were uncovered during the duration of the study period. Soil samples tended to have the highest rate of contamination, which may have led to false-negative culture results because of overgrowth; the presence of M. bovis was detected by culture more often in soil samples that were sterilized prior to inoculation than in soil samples that were not sterilized. However, no differences in the recovery of M. bovis DNA between sterilized and unsterilized samples were seen with PCR, indicating that contaminating organisms do not significantly affect PCR performance.
The use of both molecular techniques and bacterial culture is critical for the detection of M. bovis in environmental samples. The strength of the PCR assay is that it provides results much sooner (within hours) than detection of M. bovis by bacterial culture, which can take up to 12 weeks, and is not hindered by contaminating organisms that can overgrow a bacterial culture. PCR also gives information about the presence and distribution of M. bovis in the environment much longer after the initial contamination than mycobacterial culture does. In TB epidemiologic investigations of farms and wildlife sites, PCR-based assays may be useful for testing in parallel with bacterial culture to enhance the detection of M. bovis in the environment.
